Albacore tuna (Thunnus alalunga) is a highly commercial fish species harvested in the world's Oceans. Identifying the potential links between populations is one of the key tools that can improve the current management across fisheries areas. In addition to characterising populations' contamination state, chemical compounds can help refine foraging areas, individual flows and populations' structure, especially when combined with other intrinsic biogeochemical (trophic) markers such as carbon and nitrogen stable isotopes. This study investigated the bioaccumulation of seven selected trace metalschromium, nickel, copper (Cu), zinc (Zn), cadmium (Cd), mercury (Hg) and lead -in the muscle of 443 albacore tunas, collected over two seasons and/or years in the western Indian Ocean (WIO: Reunion Island and Seychelles) and in the south-eastern Atlantic Ocean (SEAO: South Africa). The main factor 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
that explained metal concentration variability was the geographic origin of fish, rather than the size and the sex of individuals, or the season/year of sampling. The elements Cu, Zn, Cd and Hg indicated a segregation of the geographic groups most clearly. For similar sized-individuals, tunas from SEAO had significantly higher concentrations in Cu, Zn and Cd, but lower Hg concentrations than those from WIO. Information inferred from the analysis of trophic markers (δ13C, δ15N) and selected persistent organic pollutants, as well as information on stomach contents, corroborated the geographical differences obtained by trace metals. It also highlighted the influence of trophic ecology on metal bioaccumulation. Finally, this study evidenced the potential of metals and chemical contaminants in general as tracers, by segregating groups of individuals using different food webs or habitats, to better understand spatial connectivity at the population scale. Limited flows of individuals between the SEAO and the WIO are suggested. Albacore as predatory fish also provided some information on environmental and food web chemical contamination in the different study areas.
Graphical abstract
Over the last decades, stable isotope analysis (SIA) of carbon (δ 13 C) and nitrogen (δ 15 N) in biological 116 tissues has largely developed to study the trophic ecology of marine organisms such as top predators 117 and Atlantic Oceans, the migration of albacore tunas between hemispheres is considered negligible 146 (Nakamura, 1969; Lewis, 1990; Arrizabalaga et al., 2004) , influenced by global intra-ocean circulation 147 (e.g., oceanic gyres) that drives the oceanography of the northern and southern hemispheres. Due to 148 the absence of such structures in the IO, albacore has been managed as one unique stock in this region 149 (Chen et al., 2005) , distributed between 5°N and 45°S. Additionally, the tip of South Africa has long 150 been considered an impenetrable barrier for marine animals (Briggs, 1974) . However, several recent 151 studies have demonstrated that gene flow occurs between the SAO and western Indian Ocean (WIO) 152 for a number of species, including large vertebrates such as the green turtle (Bourjea et al., 2007) , the 153 scalloped hammerhead sharks (Duncan et al., 2006) , and the tropical bigeye tuna (Durand et al., 2005) . 154
The question of connectivity between these two oceans for the albacore tuna is still pending. Indeed, a 155 significant amount of juveniles of this species are caught each year in South African waters below 156 30°S, and in the WIO between 30°S and 40°S. Assessing the origin and the fate of these southern 157 juveniles, and the potential links (gene flows, individual migrations, etc.) that may exist between the 158 SAO and WIO stocks is a crucial issue for sustainable management of albacore tunas. In addition, 159 trace element data on the albacore tuna remain scarce (e.g., Das et al., 2000 Sea), and more specifically in the study areas (e.g., Bodin et al., 2017) . 162
In this general context, the main objectives of the present study were: 1) to characterise the 163 contamination in several trace metals of albacore tunas caught in the WIO (Reunion Island and 164 Seychelles) and in the south-eastern AO (SEAO; South Africa); 2) to determine the main factors 165 influencing the bioaccumulation of the selected inorganic elements in tunas (e.g., effects of size, sex, 166 season/year of sampling, geographic origin and food webs exploited); 3) to assess the potential of 167 these trace metals as biogeochemical tracers of albacore tuna populations; 4) to evaluate the input of 168 SIA (i.e. For each individual, the fork length (from the tip of the snout to the fork of the tail, FL in cm) was 186 recorded as well as the sex. Finally, around 15g of white muscle (without skin) were taken from the 187 dorsal musculature of each fish (sampled behind the head under the dorsal spine). All samples were 188 frozen at -20° C, freeze-dried and ground into a fine powder until further chemical analyses. 189
Trace metal analysis 190
Trace metal analysis was performed on all muscle samples of albacore tuna (N =443 
Data treatment 226
Statistics were only applied on trace metals for which almost 80% of individuals presented raw 227 concentrations above the limits of quantification (LQ). These elements are further called 228 "elements >LQ", and Pb and Ni were thus excluded from data treatment and statistical analyses (Table  229 1). All figures and statistics were performed using the software R version 2. were submitted to parametric Student t-tests or non-parametric Mann-Whitney-Wilcoxon tests to 248 assess i) differences between males and females (within a given season/year and in a given area), and 249 ii) differences between seasons/years (in a given area). Differences between geographic areas were 250 checked using Kruskal-Wallis tests (KW) followed by multiple comparison tests with Holm's 251 adjustment method, because data never satisfied parametric conditions. All of the mean comparison 252 tests were applied on raw data as well as size-normalised data (i.e. normalised to a 95cm FL 253 individual) to account for the high variability in fish sizes between areas ( Table 2 ). The level of 254 significance for statistical analyses was always set at α =0.05. 255
Generalized modelling 256
To further estimate the effect of potentially confounding explanatory variables on the variability of 257 trace metal concentrations (i.e. body size, trophic position (through δ 15 N), sex, season/year of 258 sampling, and area), generalized modelling (considering each trace element separately) was applied 259 using the mgcv package in R. Data effectively showed a marked departure from normality in most 260 cases, preventing the application of multiple linear regressions. 261 Assuming potential migrations of fishes between areas and seasons and/or years, the two factors 262 "area" and "season/year of sampling" were not considered separately in the models, as it could have 263 been done in the case of true "nested data" (e.g., three areas considered, in which two seasons and/or 264 years have been sampled). Indeed, with regard to potential flows of individuals between areas and 265 seasons, S1 and S2 in the same area may be totally disconnected. (GLMs) were finally applied. As in the case of GAMs, GLMs were first fitted on raw concentrations 281 with a Gamma distribution and a log link function. However, Gaussian GLMs on log-transformed 282 concentrations with an identity link function also gave slightly better results and were thus kept. 283
Differences between sexes were tested in the first models, but since there was no effect for most of the 284 trace metals and conditions (see also boxplots and classical statistics; 
Results 321
Characteristics of the albacore tunas considered in this study and the mean trace metal concentrations 322 (± standard deviation) measured in the muscle are given in Table 2 . 100% of individuals from REU 323 and 88% from SEY had FL ≥90 cm (min-max: 90-113 cm and 82-108 cm for REU and SEY, 324 respectively), and females were significantly smaller than males (p <0.001 for both REU/S1 and 325 REU/S2; p=0.022 and p =0.001 for SEY/S1-Y1 and SEY/S2-Y2, respectively). Individuals from SA 326 (min-max: 74-118 cm FL) were smaller on average than those from REU and SEY (Table 2) , with 327 most of the individuals having FL <90 cm (72% of individuals) and the majority of the fish with 328 FL ≥90 cm that were captured in S2 ( (Table 2) . 335
Differences in trace elements between sexes, seasons/years, and areas 336
Among the five elements analysed >LQ, with the raw data considered, significant differences between 337 sexes were only observed in one case for Zn (with females on average presenting slightly higher 338 values than males in REU/S2) and in some cases for Hg (slightly higher concentrations measured in 339 males than in females in REU/S2, SEY/S2-Y2, SA/S1). Some differences were also observed for Cr 340 (with females presenting slightly higher values than males) when FL-normalised data were used 341 (Table 2 ; Fig. 2 ). Differences between seasons/years of sampling were more often significant than 342 between sexes and were very similar whether raw or FL-normalised data were used, although no 343 general pattern appeared. Indeed in REU, there was no significant difference between seasons for Hg, 344 but significantly lower concentrations in Cr, Cu, Zn and Cd were found in individuals from S1 than in 345 individuals from S2. In SEY, significantly lower concentrations in Cr and Hg, associated with slightly 346 higher concentrations in Cu, Zn and Cd were found in individuals captured the first year (S2-Y1) 347 relative to those captured at the second year (S2-Y2). Finally in SA, significantly higher 348 concentrations in Cu, Zn and Cd, along with significantly lower concentrations in Cr and Hg were 349 measured in individuals from S1 compared with individuals from S2 (Table 2 Finally, although statistical tests could not be applied due to a large number of individuals below LQ 359 for Ni and Pb, slightly higher Ni concentrations were observed in individuals from SA (Table 2) . In 360 fact, despite the low concentrations observed, most individuals from SA presented Ni concentrations 361 >LQ, while this element was poorly detected in the muscle of individuals from REU and SEY. 362
Considering the five trace elements in a single analysis, the PCA 1 corroborated the low influence of 363 sex in explaining metal concentrations variability, while the sampling season and/or sampling year 364 (especially for SA individuals), as well as the geographic origin, were much more significant factors. 365
As such, the first two axes of the PCA 1 explained 70.1% of the variability observed in the dataset. 366
The elements Cu, Zn, Cd and Hg (in the order), and Cr to some extent (i.e. for SA individuals), 367 contributed the most to the cluster of individuals belonging to different groups, and consequently, to 368 the dispersion of individuals captured in the different areas and/or sampled at different seasons/years 369 (Fig. 3) . With the five trace metals >LQ included, the DAs 1 and 2 further evidenced the significance 370 of Cu, Zn, Cd and Hg (in that order) in clearly classifying individuals into the three areas. Cu also 371 appeared to be a significant discriminant element between individuals from REU vs. SEY (Table 3) . Area/S-Y with a large size range (Fig. 4) . GLMs also revealed that for similar-sized individuals, SA 389 individuals had significantly higher (log-transformed) concentrations in Cu and Zn than those from 390 REU and SEY. For similar-sized individuals, those sampled in S2 in SA also had significantly higher 391
Cr concentrations than all other individuals ( Fig. 4 ; Appendix A and Table A.1). For similar-sized 392 individuals sampled in REU, those captured in S2 had higher Cu and Zn concentrations than those 393 sampled in S1, and had also higher Cu and Zn concentrations than individuals from SEY. Finally, 394
there was no significant difference between individuals from S2-Y1 and S2-Y2 individuals in SEY 395 (Fig. 4) . 396
In the final models with δ 15 N, the effect of the factor Area/S-Y in explaining metal variability was still 397 highly significant for the four elements complying with model validation. As for models with FL, the 398 effect of δ 15 N was slightly significant for Cr and Cu only (p =0.010 and p =0.027 respectively), despite 399 a quite low p-value also observed for Hg (p =0.090). The interaction term was only significant
15 N values, geographical and seasonal/inter-annual differences in metal concentrations 403 were analogous to those for similar-sized individuals (Fig. 4, Appendix A and POP ratios were investigated in selected individuals from REU and SA sampled in S1 (Table 4) . No 418 differences were found between sexes in SA individuals. In REU, the "Sum DDTs/Sum PCBs" and the 419 "p,p'-DDT/p,p'-DDE" ratios were significantly lower in males than in females, while no sexual 420 difference was observed for the "o,p'-DDT/p,p'-DDT" ratio. Similarly to metal contamination, 421 significant differences between geographic areas were evidenced. Individuals from REU presented 422 significantly lower values of the "p,p'-DDT/p,p'-DDE" ratio and higher values of the "o,p'-DDT/p,p'-423 DDT" ratio, although no spatial difference was found for the "Sum DDTs/Sum PCBs" ratio. were more often significant, although differences in Hg concentrations between males and females 480 may be also due to sexual differences in the trophic ecology (e.g., type of prey, trophic level). 481
However, potential sexual differences in trophic ecology were not supported by stable isotope values 482 (i.e. no sexual differences revealed in δ 15 N values; Table 4 ), though different prey compositions can 483 lead to similar isotopic signatures in a predator's tissues (Bearhop et al., 2004) . 484
Within each ecosystem and especially those where fish with a large size range could be collected, Hg 485 was the only element for which a trend to higher Hg concentrations with increasing size was found, 486 while the trend was generally inverse or null for the other elements. The influence of the age of 487 organisms (for which individual size may be generally considered a proxy) on Hg bioaccumulation in 488 muscle is effectively a well-documented phenomenon. This is due to the very low elimination of this 489 for instance, higher inputs and environmental concentrations in SA marine waters may be expected, 562 because SA has been recognized for a long time and at the worldwide level a major reservoir for 563 chromite mining (i.e. main ore from which industrially produced Cr comes from; Chiffoleau, 1994) . 564
Relationships with trophic markers and POP patterns 565
The results obtained for the other potential tracers (stable isotope and POP tracers) were consistent 566 with trace metals. As such, δ 15 N values clearly segregated individuals captured in the WIO (REU and 567 SEY) from those collected in SA. For δ 13 C values, the greater significance of seasonal/year differences 568 than the geographic factor may be linked to shorter-term variations in C sources or baseline δ Similarly, a significant difference in the "p,p'-DDT/p,p'-DDE" ratio was found between individuals 637 from these two areas. This ratio is generally used to trace the resident time and degree of degradation 638 of p,p'-DDT (Suárez et al., 2013) . Despite the differences observed, the values of this ratio (i.e. <0.5) 639 indicate old DDT inputs in both areas (Suárez et al., 2013) . Alternatively, the "Sum DDTs/Sum PCBs" 640 ratio, used to distinguish the influence of sources from agricultural origin (when >1) vs. 
